The deterioration of metals under the influence of corrosion is a costly problem faced by many industries. Therefore, particlereinforced composite coatings are being developed in different technological fields with high demands for corrosion resistance. This work studies the effects of nanoplatelet reinforcement on the durability, corrosion resistance, and mechanical properties of copper-nickel coatings. A 90 : 10 Cu-Ni alloy was coelectrodeposited with nanoplatelets of montmorillonite (Mt) embedded into the metallic matrix from electrolytic baths containing 0.05, 0.10, and 0.15% Mt. X-ray diffraction of the coatings indicated no disruption of the crystal structure with addition of the nanoplatelets into the alloy. The mechanical properties of the coatings improved with a 17% increase in hardness and an 85% increase in shear adhesion strength with nanoplatelet incorporation. The measured polarization resistance increased from 11.77 kΩ⋅cm 2 for pure Cu-Ni to 33.28 kΩ⋅cm 2 for the Cu-Ni-0.15% Mt coating after soaking in a simulated seawater environment for 30 days. The incorporation of montmorillonite also stabilized the corrosion potential during the immersion study and increased resistance to corrosion.
Introduction
Introduction of nanofillers and nanocrystalline phases into functional coatings can enhance the performance and properties of the nanocomposite coatings [1] [2] [3] . For example, metal matrix composite (MMC) coatings that slow the rate of corrosion at a reduced cost are an important area of study [4] [5] [6] [7] . The MMC coatings can be produced by various techniques such as hot pressing, stir casting, diffusion bonding, powder metallurgy, and chemical vapor deposition [8] . However, some drawbacks to these methods include production at high temperatures or under vacuum, difficulty in controlling the thickness, and cost. As the accessibility of nanoparticles continues to rise, the interest in reduced cost and low temperature deposition of MMCs continues to increase [9] .
Electrodeposition is an interesting method for producing new materials, especially in the field of MMCs. The electrodeposition technique has several advantages over other processing methods which include low cost, simplicity of operation, versatility, high production rates, industrial applicability, control of film thickness, and few size and shape limitations [9] . Electrodeposited composites are of particular interest because of their unique and often superior properties compared with their counterparts. The electrodeposition of a metal matrix composite involves the electrolysis of the plating bath where nanosized particles are dispersed and various amounts of the particles become embedded within the plated metal matrix producing a reinforced composite [10, 11] . Successful incorporation of nanoparticles into the metal matrix by electrocodeposition relies on several parameters, including composition of the electrolyte, pH, current density, and properties of the particles [12] . By systematic control of these parameters, microstructure and property performance can be optimized for the composites. Researchers have used majority of the work has focused on applications for MEMS devices or mechanical properties [38] [39] [40] . Previous work on 70-30 Cu-Ni composites reported an increase in the corrosion resistance and mechanical properties [41] . The aim of the present work is to study and evaluate the corrosion behavior and mechanical properties of electrodeposited 90-10 CuNi composite coatings reinforced with Mt. The 90-10 CuNi ratio is advantageous in some environmental extreme conditions and offers a lower cost alternative compared to other alloys. The resulting corrosion products on the surface of the coatings after 30 days are studied and compared to CuNi pipe surfaces.
Experimental Procedure

Materials. The chemicals used in the plating baths were
, Na-montmorillonite (Mt) (Southern Clay Products), and NaOH (Fisher). Mt is a clay mineral, which has the formula (Na, Ca) (Al 1.66 Mg 0.33 ) 3 (Si 4 O 10 ) 3 (OH) 6 ⋅n(H 2 O). The individual Mt platelets are ∼1-2 m in length and 1 nm in height [42] . Since clay mineral contains layers stacked on top of each other, the Mt had to first be exfoliated before the deposition process. Therefore, the Mt was vigorously mechanically stirred in deionized (DI) water for 24-48 hours to break apart the stacking of the nanoplatelets. Figure 1 shows the TEM image of the Mt where the individual platelets can be seen after exfoliation. Citrate was used as the ligand in the electrochemical baths containing copper and nickel ions since citrate complexes with the metal ions [43] [44] [45] . The working, counter, and reference electrodes were a stainless steel substrate, coiled chromel wire, and a saturated calomel reference (SCE), respectively. Stainless steel (Grade 430) substrates (area of 1.768 cm 2 ) were used as the working electrodes and mechanically polished with different grade emery papers followed by a sequence of cleanings (sonication in ethanol/deionized water) to prepare the substrate surface for electrodeposition. The substrates [46] . After electrodeposition, the composite coating was rinsed with deionized water.
Characterization Techniques.
The minimum adhesion of the coatings was measured with a DeFelsko, PosiTest AT-A (automatic) Pull-Off Adhesion Tester. All the coatings were found to have adhesion values greater than 75 N/mm 2 ; this indicated that the coatings were intact and showed no signs of peeling or flaking off the surface. The film thickness for the coatings was measured using a Veeco Dektak 8 Stylus Profilometer.
The zeta potential and particle size of the Cu-Ni plating solutions were measured using a Delsa Nano-C (BeckmanCoulter Instruments) to determine the stability of Mt in the Cu-Ni plating bath. The Cu-Ni solutions were allowed to equilibrate at 25 ∘ C for 90 seconds using a Peltier device in the instrument before data collection.
Atomic absorption spectroscopy (AAS) (Perkin Elmer Analyst 300) was used to determine the Cu and Ni percentages in the electrodeposited coatings. The coatings were soaked and dissolved first in 50/50 DI H 2 O/HNO 3 solution before aspiration into the AAS. The standard addition method was used to determine the optimal metal concentrations for the plating bath in order to obtain a 90-10 Cu-Ni ratio.
X-ray diffraction (XRD) (Siemens D-500 Diffractometer) was performed to elucidate the crystal structure and particle size of the Cu-Ni composite coatings. The scans were performed using a Cu K radiation source = 0.15406 nm at 35 kV and 24 mA. Typical scans were obtained from 40-100 ∘ 2 at a 0.05 ∘ step size and a 1-second dwell time. XRD was performed from ∘ at a 0.05 ∘ step size and a 1-second dwell time to determine the corrosion products present at the surface of the composite coatings after being submersed in a simulated seawater for 30 days. Scanning Electron Microscopy (SEM) was used to determine the surface morphology of the composite coatings. FEI Quanta 200 fieldemission gun environmental scanning electron microscope coupled with energy dispersion spectroscopy (EDS) was used to determine the elemental composition of Cu-Ni and the Mt (Al and Si) on the composite coatings surface.
A Buehler microhardness instrument model Micromet 5101 (Mitutoyo Corp., Japan) was used to determine the effect of Mt incorporation on the hardness of the Cu-Ni matrix composites. The applied load was 10 gf for 20 s. The final value for the hardness of the coatings was the average of 10 measurements. Shear adhesion tests were measured using the XYZTEC instrument paired with a 2 mm wide knife. The knife was placed at 5 m above the substrate-coating interface and moved 2 mm horizontally at a velocity 150 m/s without hold time. The force to move as a function of distance was noted. The adhesive strength is the maximum recorded force divided by the area width of the knife × test distance.
An EG&G Princeton Applied Research Model 273A potentiostat/galvanostat was used for the cyclic voltammetry (CV) and immersion test. Corrosion tests and the open circuit potential (OCP) study for the Cu-Ni and Cu-Ni-Mt coatings were conducted for 30 days in a simulated seawater bath using the composition prescribed by Burkholder's Formula B [24, 47] A three-electrode electrochemical cell was used as the corrosion testing system which was comprised of the working electrode coatings, two counter graphite rods, and a saturated calomel electrode (SCE) as the reference electrode. Potentiodynamic polarization was performed at a ±250 mV potential range and a scan rate of 0.1667 mV/s. The corr value was calculated using the Stern-Geary equation, where and are the respective anodic and cathodic Tafel slopes. Linear polarization was also performed from ±20 mV at 0.1667 mV/s to determine the polarization resistance, , of the composite coatings.
Results and Discussion
Cyclic Voltammetry.
Cyclic voltammetry was performed to determine the effect of the Mt on the reduction potential and cathodic current for the Cu-Ni deposition. Since Mt is a nonelectroactive particle, it does not possess a redox couple for the electrodeposition cycle. The cyclic voltammograms in Figure 2 show that no shift was detected in the reduction potential of copper (−0.45 V) or in the peak current, pc , with the addition of 0.05 to 0.15% Mt into the plating bath. The reduction potential for nickel was not observed because of the onset of hydrogen evolution. It has been noted that the concentration of copper in the coating depends on the value of the applied potential. As the voltage increases from −1.0 to −1.075 V, the copper concentration begins to decrease in the film since the deposition of copper is diffusion controlled and the deposition of nickel is charge-transfer controlled [48] . With the addition of Mt into the electroplating solution, the voltammograms showed that the Mt platelets do not affect the redox potentials, but the inclusion of the Mt does help to slightly shift the onset of hydrogen evolution to more cathodic potentials. Therefore, the Mt can be added to the plating bath with no adverse effects on the deposition of the alloy.
Particle Size and Zeta Potential.
Montmorillonite stacked platelets tend to swell when placed in an aqueous environment and starts to mechanically shear apart after vigorous stirring for 24-48 hours. The negatively charged platelets become countered by positively charged copper and nickel ions in the plating solution. During the deposition process, the platelets are thought to be electrostatically attracted to the substrate. The long planar shape of the platelet helps to yield a snug contact with the oppositely charged substrate [42] . The copper and nickel ions are reduced onto the substrate trapping the platelets in the alloy and producing a strongly adhering coating.
When dealing with electrocodeposition for a MMC, understanding the particle stability in the colloidal electroplating bath is crucial because the properties of the resulting composites change significantly with the preferential embedding of individual particles [39] . The particle size and zeta potential (Table 2 ) of the Cu-Ni plating solutions were measured to examine the stability of the dispersion of the Mt platelets in the electroplating bath. In an aqueous solution, the Mt size ranged from 430 to 525 nm. As the Mt is introduced into the plating solution, the particle size significantly increases versus the aqueous solution and continues to rise with increased amounts of Mt added to the plating bath. This change is probably due the adsorption of Cu and Ni ions onto the surface of the negatively charged platelets causing some platelet agglomeration. The Mt concentration (0.05-0.15%) in an aqueous solution produced zeta potential values of approximately −40 mV, indicating the exfoliated Mt platelets yield a stable dispersion in an aqueous solution. Typically, an ideal zeta potential for nanoparticle dispersion would be greater than ±25 mV. The Cu-Ni solution incorporated with the Mt platelets produced zeta potential values of approximately −20 mV, which are less stable than the Mt only solution. Adsorption of Cu and Ni onto the interface of the Mt platelet causes the zeta potential value to move towards a more positive value, which leads to small decrease in the electrostatic stabilization of the dispersion into the Cu-Ni plating bath. Although the dispersion of the Mt in the plating solution was slightly unstable, the dispersion was stable long enough for the deposition time to produce the composite coatings without having to be mechanically stirred. A specialty designed inverted cell was used for the deposition of the MMC coatings along with convection of the solution using nitrogen gas; this aided incorporation of the platelets into the coating through a combination of dispersion stability, slight gravity, and complexation with the cations in the plating solution.
Film Thickness.
The film thickness of the pure 90-10 CuNi and 90-10 Cu-Ni-Mt coatings was measured by profilometry to determine if the incorporation of Mt affected the coating thickness (Table 3 ). All of the coatings were electrochemically deposited up to 30 Coulombs of charge. The Mt had no effect on the current efficiency of the electrodeposition process as the thickness of the coatings did not decrease with incorporation of Mt. However, the coatings did get slightly thicker as the Mt percentage increased, which is probably due to the incorporation of the Mt into the metal matrix corresponding to a slight increase in surface roughness. Figure 3 ) for the CuNi alloy and Cu-Ni-Mt composite coatings were performed to analyze the crystal structure and measure the crystallite size. All of the XRD patterns show typical fcc reflections corresponding to the (111) crystallographic plane of Cu-Ni, as seen in Figure 3 . Note that the reflections corresponding to the reinforced Mt nanoparticles for the composite coatings are not seen in the XRD patterns even at low 2 angles due to complete exfoliation of Mt. For the Cu-Ni alloy, only one peak is present for each reflection because the Cu-Ni alloy is an isomorphous binary alloy, which means the two metals are completely soluble in each other and have one type of crystal structure (fcc) with little to no strain [49] . The (111) major reflection at 43.51 ∘ is shifted between the values of pure copper at 43.297 ∘ (PDF # 00-004-0836) and pure nickel at 44.508 ∘ (PDF # 00-004-0850). The (111) reflection starts to broaden with the addition of Mt, as seen in Figure 3 , which indicates a decrease in the crystallite size of the composite coatings. The crystallite size for each film was calculated using the Scherrer equation:
X-Ray Diffraction and Scanning Electron Microscopy. The X-ray diffraction (XRD) scans (shown in
The Gaussian peak fit method of 2 = 2 − 2 was used as part of the calculation, where is the peak broadening for the coating and is the instrumental broadening calculated using a silicon standard. The proportionality constant was assumed to be 1, = 0.15406 nm from the Cu K radiation, and is the position of the (111) reflection. The calculated crystallite sizes are listed in Table 3 and indicate that the crystallite size continues to decrease in the nanometer range as the amount of Mt increases in the coatings. Other researchers have reported similar decrease in crystallite size with addition of nanoparticles for electrodeposited coatings. The presence of the nanoparticles provides nucleation sites enhancing the nucleation process while inhibiting crystal growth; thus the presence of Mt may lead to structural refinement [50] [51] [52] [53] .
The surface morphology of the pure Cu-Ni alloy and CuNi-Mt composite coatings is shown in Figure 4 . All the films have very compact, uniform coverage across the substrate. With the incorporation of the Mt into the Cu-Ni matrix, the platelets are visible in the coatings (some are outlined in red) and are embedded into the coating.
Atomic Absorption Spectroscopy and Energy Dispersion
Spectroscopy. Atomic absorption spectroscopy (AAS) was performed to determine the composition of the Cu-Ni coatings. The AAS analysis showed that the composition of the 90-10 Cu-Ni electrodeposited coatings was 88 ± 1% for copper and 12 ± 1% for nickel. EDS was also performed to evaluate the Cu, Ni, Si, and Al surface composition of the coatings. The Si and Al were measured since these are Table 4 and show that the Si and Al content increased as the amount of Mt added to the plating solution also increased, which confirms the incorporation of the Mt platelets in the coatings. XPS depth profile analysis also showed presence of silicon and aluminum throughout the coatings. As the Mt incorporation increased, the Cu and Ni percentages changed slightly in the coatings. With addition of Mt to the plating bath, the nickel percentage slightly increased while the copper decreased from ∼90 to 84%. Previous data has shown that Ni ions adsorb to the surface of the Mt platelet [42] . Nickel is in excess in the solution because of the deposition conditions and most of the copper is complexed with citrate [44] . At pH values greater than 5, the heterobinuclear deprotonated species, CuNiCit 2 H 2 4− , predominate in the solution over the binary deprotonated species, Cu 2 Cit 2 H 2 4− . With Cu present in the plating solution, less citrate is available to complex with the nickel, resulting in a lower concentration of the certain species containing nickel and citrate (NiCit 2 H 3− and NiCit 2 4− ) and an increase in NiCit − species [44] . The slight change in the Cu-Ni ratio of the coatings can be attributed to the embedding of the Mt particles with a greater percentage of Ni over Cu adsorbed onto the surface of the platelets. the metallic matrix is controlled by the parameters of the electrodeposition process including bath concentration of the ions, pH, applied potential, and the current density [46, 54] . The amount of the particles embedded into the matrix is in direct relation to the bath concentration, size of particles, solution pH, and type of reinforcement material. Mt has shown the ability to increase the hardness substantially in a pure nickel matrix [37] . The effect of embedding Mt platelets into the Cu-Ni matrix on the microhardness was analyzed and the results are shown in Figure 5 . The microhardness of the Cu-Ni coatings increases by 17% with the incorporation of 0.15% Mt into the Cu-Ni matrix. Since all the coatings have a nanocrystalline Cu-Ni matrix, the increasing hardness of the Cu-Ni-Mt composite coatings with increasing Mt content seems primarily to be due to the enhanced dispersion strengthening effects. In addition, the presence of the finer grains helps to impede the dislocation motion resulting in an increase in the microhardness [55] . Therefore, the increase in hardness for the Cu-Ni-Mt coatings can also be attributed to grain refining which is related to the nucleation of small grains on the surface of the incorporated particles, which leads to an overall structural refinement also seen in the XRD data. Alternatively, the hard Mt nanoparticles dispersed within the Cu-Ni matrix could enhance the resistance to localized deformation of the matrix leading to the sharp increase in the hardness of the composites, especially at 0.15% Mt addition.
Hardness and Shear
The measured adhesion strength for the coatings is also shown in Figure 5 . The adhesion strength of all the nanocomposite coatings exceeds that of the Cu-Ni matrix alone. The presence of the nanoplatelets provides enhanced resistance to the knife movement. An 85% increase was observed for the 0.10% Mt. At this lower level of Mt particles in the CuNi matrix, reinforcement in the composite improved the bonding, which can be attributed to both the mechanical load transfer from the matrix to the Mts and the high specific surface area of this material. However, the shear adhesion strength began to decrease beyond 0.10% Mt since an increase in number of platelets in the coating allows more substrateplatelet contact and decreases the effective area of the matrixsubstrate contact.
Immersion
Study. An immersion test of open circuit potential (OCP) versus time was performed to evaluate the stability of the Cu-Ni coating incorporated with and without Mt particles ( Figure 6 ). The OCP of pure Cu-Ni, Cu-Ni-0.05% Mt, and Cu-Ni-0.10% Mt films was shifted cathodically after three, eight, and seventeen days, respectively. The OCP of Cu-Ni-0.15% Mt stayed stable over the extended period of 30 days compared to the other coatings. Eventually, this coating's OCP value also shifted cathodically after 38 days, which indicates the same Cu 2 O protective layer formation. Al-Muhanna and Habib also observed a cathodic shift in OCP for Cu-Ni in the first 10-15 days of their study leading to lower corrosion resistance. This is due to the period of time it takes to form the protective oxide layers [56] . The study also showed that the temperature of the seawater influences the corrosion resistance, where seawater temperature changes caused the OCP to oscillate over time. The result of the immersion test indicates that Mt provides a barrier protection for the Cu-Ni matrix, which stabilizes and increases the corrosion resistance.
Potentiodynamic Polarization.
The corrosion resistance of Cu-Ni and Cu-Ni-Mt composite coatings was evaluated using potentiodynamic polarization and shown in Figure 7 .
The corrosion values were measured after immersing the prepared coatings for 30 days in Burkholder's Formula B simulated seawater at 25 ∘ C. for the measurement. The corr value for the Cu-Ni-0.15% Mt is more noble than the other coatings which was evident in the immersion study because of the increased stability provided by the Mt platelets in the Cu-Ni matrix. With an increase of concentration of Mt into the Cu-Ni coatings, the corr values decreased from 2.50 × 10 −6 to 9.84 × 10 −7 A/cm 2 . Varea et al. also noted a similar corr value for electroplated 90-10 Cu-Ni at 1.8 × 10 −6 A/cm 2 [48] . The value of the pure Cu-Ni coating was 11.77 kΩ⋅cm 2 , whereas the Cu-Ni-0.15%
Mt increased to 33.28 kΩ⋅cm 2 . The addition of Mt into the CuNi deposition process significantly increased the resistance to corrosion by providing barrier protection to slow the mean free path of corrosion. In addition, the embedded platelets at the surface decrease the exposed metallic area that could undergo corrosion attack and thus improve the corrosion resistance of the coatings. Each mechanism may play some role in the overall corrosion protection of the coatings. These types of mechanism have been proposed for other electrodeposited composite coatings such as Ni-Co/SiC [57] and Zn-TiO 2 [58, 59] as well as Ni-Fe composite coatings [60] .
An oxide layer of Cu 2 O has been confirmed to form for Cu-Ni alloys exposed to chloride environments [30] . During the corrosion of copper alloys, copper dissolution eventually creates CuCl 2 − species which form cuprous oxide as the local pH at the interfaces increases [30, 33, 61 ]:
The OCP studies show that the pure Cu-Ni coatings begin to form an oxide layer earliest, while the Cu-Ni-Mt coatings begin the oxide layer formation in order of Mt content, and the oxide layer becomes more porous with time. The presence of this passivating layer is confirmed by X-ray diffraction. Figure 8 is the XRD scans run from ∘ for the pure 90-10 Cu-Ni and Cu-Ni-0.15% Mt coatings, after soaking for 30 days in the simulated seawater. The presence of the main constituent for corrosion protection, Cu 2 O, was identified for both pure Cu-Ni and Cu-Ni-0.15% Mt (as well as the Cu-Ni-0.05% Mt and Cu-Ni-0.10% Mt samples). Ma et al. also showed X-ray diffraction reflections for Cu 2 O in the corrosion products of a 90-10 Cu-Ni sample left in natural seawater [32] . When the concentration of nickel is below 40%, an outer layer of Cu 2 (OH) 3 Cl and a dense inner layer of Cu 2 O have been shown to be the passivating layers in high chloride environments [30] . Cu 2 O is known to be the main constituent for good corrosion resistance because of its low electronic conductivity. The cuprous oxide layer forms first and once the Cu 2 O layer has formed, a Cu 2 (OH) 3 
Cl
International Journal of Corrosion 9 layer is produced by precipitation from the dissolution of Cu 2+ ions [30, 32] . For the electrodeposited coatings, the X-ray diffraction data indicates that, for the 30-day time period, Cu 2 O begins formation on the surface of the coatings.
As noted earlier, the values obtained from linear polarization increase as the Mt amount increases, compared to the pure Cu-Ni coating. The corrosion resistance improves as the Mt content in the Cu-Ni matrix increases which is consistent with the incorporation of Mt nanoplatelets providing an additional barrier and a formation of a passive Cu 2 O layer. The Mt particles act as inert physical barriers to the initiation and development of defect corrosion, modifying the microstructure of the Cu-Ni film and hence improving the corrosion resistance of the coating.
Conclusions
The composition of the Cu-Ni coating was controlled by the bath conditions and the applied voltage to produce a 90-10 ratio. Incorporation of exfoliated Mt nanoplatelets into the Cu-Ni matrix by electrodeposition improved both the corrosion resistance and mechanical properties. The 0.15% Mt addition produced the best increase in the hardness and the corrosion resistance, whereas the 0.10% Mt addition provided the best shear adhesion strength. Also, the 0.15% Mt addition helped to stabilize the corrosion potential during the 30-day immersion study in simulated seawater. The results indicate that the enhancement in the corrosion protection is due to the grain refinement and barrier protection provided by the addition of the Mt nanoplatelets to the coatings.
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